Background: Diets high in either dairy or calcium during moderate weight reduction both prevent loss of bone mineral density (BMD) and suppress bone turnover. The purpose of this study was to determine whether recommended dairy and calcium intakes during weight maintenance favorably affect total body BMD (TBBMD) and bone mineral content (TBBMC) in obese adults. Methods: Obese men (n ¼ 49) and women (n ¼ 64), aged 40.8 ± 0.6 years, underwent 12 weeks of moderate energy restriction (B1200 kcal/day) followed by 24 weeks on either a low or recommended dairy weight maintenance diet. The TBBMC and TBBMD values were measured using dual energy X-ray absorptiometry at baseline, 12, 24 and 36 weeks. Concentrations of calcium, intact parathyroid hormone (iPTH), 25OH and 1,25 (OH) 2 vitamin D in plasma were also measured. Data were analyzed using a two-factor repeated measures analysis of variance. Results: After weight loss, women exhibited a small, but statistically significant, increase in TBBMC (1.17±0.57%), whereas TBBMD increased in the men (1.34 ± 0.28%). The iPTH concentration decreased significantly in all subjects. Despite significantly greater intakes of calcium, vitamin D and protein compared with the recommended dairy diet, there were no treatment-related differences in outcome variables after 24 weeks of weight maintenance. The TBBMC remained unchanged in women during weight stabilization; both TBBMC and TBBMD decreased in men (À1.59±0.51% and À0.70±0.25%, respectively). Conclusions: In summary, results of this study do not provide convincing evidence that moderate weight loss through energy restriction and mild exercise reduces TBBMC in obese men and women. Similarly, a weight-maintenance diet providing the recommended daily servings of dairy does not seem to affect changes in BMC after weight loss.
Introduction
Weight loss improves metabolic fitness and reduces morbidity and mortality associated with overweight and obesity (Fernandez, 2007) . However, even moderate weight reduction (B10%) in overweight or obese individuals both decreases bone mineral density (BMD) (Avenell et al., 1994; Pritchard et al., 1996; Ricci et al., 1998 Ricci et al., , 2001 Van Loan et al., 1998; Fogelholm et al., 2001; Jensen et al., 2001; Riedt et al., 2005; Villareal et al., , 2008 and accelerates bone turnover, as assessed by serum biomarkers of bone formation and resorption (Ricci et al., 1998 Salamone et al., 1999; Holecki et al., 2007) . Although these relatively short-term weight loss intervention studies, which are typically 3-6-month long, have demonstrated significant reductions in total body or regional BMD, long-term consequences of weight loss on bone mass, bone turnover and subsequent fracture remain relatively unknown. However, results from the few studies that included a post-weight loss follow-up suggest that alterations in BMD and bone turnover may persist during weight maintenance (Avenell et al., 1994; Fogelholm et al., 2001; Jensen et al., 2001; Hinton et al., 2010; Villareal et al., 2008) . Consistent with these findings, observational data indicate that both weight loss and repeated cycles of weight loss and regain increase fracture risk in both men and women (Langlois et al., 1998 (Langlois et al., , 2001 Meyer et al., 1998; Bacon et al., 2004) .
Studies in overweight pre-and post-menopausal women have demonstrated that high calcium intakes (1.5-1.8 g/day) both prevent the reduction in bone mass associated with moderate weight loss, and suppress bone turnover and parathyroid hormone (PTH) secretion (Ricci et al., 1998; Jensen et al., 2001; Shapses et al., 2001) . Weight-loss diets that are high in dairy and, therefore, in calcium, vitamin D and protein content also have been shown to preserve BMD and suppress bone turnover after weight reduction (Bowen et al., 2004; Thorpe et al., 2008) . Although diets high in calcium content seem to protect bone during moderate weight loss, potential benefits of adequate dietary calcium intake after weight loss-normalization of bone turnover and bone mass accretion-have not been investigated.
Thus, the purpose of this study was twofold: (1) to evaluate the effects of moderate weight loss followed by weight maintenance on total body BMD (TBBMD) and content (TBBMC) in obese middle-aged men and women using the repeated measures study design; and (2) to determine whether a weight-maintenance diet adequate in dairy and, therefore, also in calcium, content favorably affects TBBMD and TBBMC after weight loss compared with a low dairy weight maintenance diet. We hypothesized that moderate weight loss would result in significant reductions in TBBMD and TBBMC, which would persist in both women and men participants. We also hypothesized that high dietary dairy and calcium intake during 24 weeks of weight maintenance would favorably affect TBBMD and TBBMC compared with inadequate dairy intake in both men and women.
Materials and methods

Study participants
Sedentary, obese (body mass index: 30-40 kg/m 2 ) men and women (non-pregnant and non-lactating), aged 19-50 years, were eligible to participate in this study. Individuals who smoked, were taking calcium supplements, were lactose intolerant, had lost 44.5 kg in the prior 3 months, were diabetic or taking medication that alters metabolism (for example, thyroid hormone and b-blockers) were excluded from the study. A total of 183 participants agreed to participate in this study and 127 completed the entire 9-month study. The primary reasons for not completing the study were scheduling conflicts (n ¼ 21, 37.5%), attendance (n ¼ 13, 23.2%), participant withdrawal (n ¼ 13, 23.2%), less than 10% weight loss (n ¼ 3, 5.4%) and other (n ¼ 6; 10.7%). In addition, post-menopausal women (n ¼ 14) were excluded from this post hoc analysis that examined bone-related outcomes.
The Human Subjects Committees at the University of Kansas and the University of Missouri-Columbia approved this study. All procedures were in accordance with the Declaration of Helsinki 1975, as revised in 1983. Before enrollment, participants provided written informed consent.
Experimental design
This study was part of a larger randomized, clinical trial that evaluated the effects of moderate weight loss and subsequent weight stabilization on either a low-or recommended-dairy weight-maintenance diet on body weight, body composition and metabolic fitness (Zemel et al., 2008) . All participants were prescribed a reduced energy diet designed to result in, at least, a 10% reduction in initial body weight during the 12-week weight-loss phase of the study. At baseline, participants were randomized to either a low-dairy (p1 serving per day) or recommended-dairy (X3 servings per day; Fulgoni et al., 2004) weight-maintenance diet for the 24-week weight-stabilization period; both participants and study staff were blinded to the assignment during the weight-loss phase of the study, that is, during weeks 0-12, to minimize bias. Each participant attended a 90-min weight-management clinic once a week for the duration of the 36-week study. These clinics provided instruction in three areas: (1) nutrition, (2) behavior/lifestyle and (3) physical activity. Each participant received a progressive, moderate-intensity, lifestyle physical activity program designed to provide 150 min of planned physical activity per week by week 13 (the start of the weightmaintenance phase of the study). Walking was the mode of exercise promoted during this weight-management study.
Intervention
Weight loss. During the initial 12-week weight-loss phase, participants were prescribed a daily energy intake of 5.0 MJ/day (1200 kcal/day) and were provided prepackaged meals and weight-loss shakes. In addition to the diet prescription, participants began the exercise program described above. Participants who did not lose a minimum of 10% of their initial body weight by week 13 were dropped from the study. Three participants failed to lose 10% of their initial body weight and were excluded from the weight-maintenance phase of the study.
Weight maintenance. After weight loss, energy intake was prescribed to maintain the reduced body weight. Participants consumed a low-fat weight-maintenance diet that emphasized adequate intake of fruits and vegetables and included either one or fewer servings of dairy (low dairy) or three or more servings of dairy (recommended dairy). Participants on the low-dairy diet were instructed to limit their intake of high-calcium foods and to avoid calciumfortified foods and calcium supplements. Participants continued to exercise (weekly target of 150 min/week) and attend weekly weight-management clinics during the weightmaintenance phase of the study.
Compliance. Compliance with the diet and exercise prescription was monitored through self-reported written records that were reviewed by study personnel at the weekly clinics. Measures of compliance with the weight-loss and weight-maintenance diets were recorded by the participants daily and data were collected from participants once a week. Measures of compliance with the diets included number of shakes, pre-packaged meals and servings of fruits and vegetables consumed per day. In addition to the dietary compliance data, participants completed a prospective, written 3-day food record at baseline, weight loss and weight maintenance. The 3-day food records were reviewed by a registered dietitian upon submission and any clarification needed was provided by the participants. The 3-day food records were analyzed for nutrient content and using the Nutrition Data System for Research (2006) .
Outcome measures
Body weight (BW) was measured weekly on a digital scale (Befour, Model # PS6600, Saukville, WI, USA) for the duration of the study and was used to calculated body mass index. The TBBMD and TBBMC values were measured at baseline, 12, 24 and 36 weeks using dual energy X-ray absorptiometry (DXA; Lunar DPX-IQ Software version 4.6b, GE Medical Systems, Madison, WI, USA). The coefficient of variations for TBBMD and TBBMC are o1%. The blood also was collected between 0700 and 1000 hours after a 12-h overnight fast at baseline, 12, 24 and 36 weeks. The concentration of glucose, insulin, intact PTH, 25OH vitamin D, 1,25(OH) 2 vitamin D and calcium in plasma was measured at an independent clinical laboratory (LabOne, Lenexa, KS, USA). The homeostasis model assessment of insulin resistance was estimated using fasting glucose and insulin concentrations, as previously described (Matthews et al., 1985) . As both insulin resistance and hyperglycemia negatively affect bone, we evaluated these potential confounders in our population at risk for the metabolic syndrome (Hofbauer et al., 2007) .
Statistics
A repeated measures three-factor analysis of variance (RM ANOVA) was used to test for significant main effects of time (baseline, 12 , 24 , 36 weeks), gender and diet ( low dairy vs recommended dairy) and for significant interactions. As there were significant TIME Â GENDER interactions for several variables (body weight, percent body fat, fat mass, serum 25OH vitamin D and TBBMC), separate two-factor RM ANOVA values (TIME Â DIET) were performed for males (n ¼ 49) and females (n ¼ 64). When appropriate, that is, identification of a significant main effect of time or significant interaction between time and dietary treatment, post hoc pairwise comparisons were performed using the least significant difference test.
As there is seasonal variability in 25OH vitamin D concentrations (Bolland et al., 2007) , we attempted to control for this source of variability in the statistical analysis. First, a one-way ANOVA was used to compare 25OH vitamin D concentrations in participants enrolled during different seasons. Baseline 25OH vitamin D concentrations were lowest in subjects enrolled in the spring (51.3±5.4 ng/ml, n ¼ 14) and highest in participants enrolled in the fall (101.6 ± 7.6 ng/ml, n ¼ 24), whereas subjects enrolled in winter (82.4±4.9 ng/ml, n ¼ 29) and summer (79.6±4.4 ng/ml, n ¼ 46) had intermediate values, as expected (Bolland et al., 2007) . Therefore, in an attempt to control for seasonal variability in serum 25OH vitamin D concentrations, season was included as a covariate in the RM ANOVA for vitamin D; there was a significant SEASON Â TIME interaction, indicating that change in 25OH vitamin D level over time was dependent on season of enrollment. Data are presented as means ± S.E.M. P-values o0.05 were considered statistically significant.
Results
Results of the two-factor RM ANOVA revealed significant main effects for time, and the posthoc pairwise comparisons of mean values (±S.E.M.) among time points for the anthropometric variables and blood biochemistry are shown in Tables 1 and 2 . There were no significant TIME Â DIET interactions for any of the anthropometric or blood biochemistry variables for either men or women; therefore, no post hoc tests were performed. Results for both women and men participants are shown by dietary treatment in Supplementary Tables 1a and b and 2a and b. However, because of differences in the nutrient content of weightmaintenance diets, there were significant TIME Â DIET interactions for intake of some nutrients. Results of the post hoc pairwise comparisons of nutrient intake (means ± S.E.M.) for women and men are shown in Tables 3 and 4, respectively.
Weight loss A total of 64 obese premenopausal women, aged 40.6 ± 0.8 years, and 49 obese men, aged 41.0±1.0 years, completed this 36-week weight-management study. At baseline, there were no significant differences between the low and recommended dairy groups in anthropometric or serum biochemistry variables in either women or men participants (Supplementary Tables 1a and b and 2a and b) . The targeted energy intake of 5.0 MJ/day during the weight-loss phase of the study was achieved in both female (Table 3) and male (Table 4) participants, who achieved a 10% reduction in initial body weight by week 13 and were allowed to continue the weight-maintenance phase of the study. On average, participants engaged in 137 ± 4 minutes of physical activity per week during the weight-loss phase. Calcium intake during weight loss was less than the adequate intake for adults, aged 19-50 years, of 1000 mg/day (Food Nutrition Board IoM (1997) ; men: 867±17 mg/day; women: 900 ± 13 mg/day), and was significantly greater than calcium intake at baseline (men: 755 ± 58 mg/day; women: 717±42 mg/day; Po0.05).
During the initial 12-week weight-loss phase of the study, women lost an average of 11.3 ± 0.4% of initial body weight and men lost 13.0 ± 0.6% (Table 1) . The women exhibited a statistically significant increase in TBBMC (1.17±0.57%), but TBBMD remained unchanged (0.33 ± 0.20%), after 12 weeks of weight reduction (Table 1) . By contrast, in men, TBBMD increased significantly (1.34±0.28%), but TBBMC did not (0.12 ± 0.69%), as shown in Table 1 . Measurement and reporting of bone area is useful in determining whether changes in BMC or BMD are artifacts of DXA. Unfortunately, as is the case in most weight-loss studies reported to date, bone area of each participant was not recorded in this study. Thus, the best approximation of bone area under the circumstances is to calculate area from the mean BMC and BMD at each time point. Taking this approach, using the data in Table 1 , changes in bone area with weight loss were small in both women (2133 vs 2149 cm 2 ) and men (2537 vs 2501 cm 2 ). The intact PTH concentration decreased significantly in both genders during weight loss, whereas 25OH level did not change from baseline to post-weight loss ( Table 2) . As expected, serum insulin and glucose concentrations decreased after weight loss, as did homeostasis model assessment ( Table 2) . Inclusion of glucose, insulin or homeostasis model assessment, as a covariate, in RM ANOVA of TBBMD and TBBMC did not alter the results. 
Weight maintenance
During weight maintenance, energy intake increased significantly in both dietary treatments, primarily because of increased fat consumption in both women and men, as shown in Tables 3 and 4 , respectively. As expected, protein, calcium and vitamin D intakes were significantly greater for participants on the recommended dairy diet compared with low dairy diet (Tables 3 and 4) . Similarly, protein intake relative to body weight also was greater with the recommended dairy diet for both men (recommended dairy ¼ 1.19 ± 0.06 g/kg BW; low dairy ¼ 0.93 ± 0.04 g/kg BW) and women (recommended dairy ¼ 1.07 ± 0.02 g/kg BW; low dairy ¼ 0.94±0.02 g/kg BW). Participants continued to exercise during weight maintenance and there were no differences between dietary treatments in either women (recommended dairy ¼ 129±4; low dairy ¼ 132±3 min/week) or men (recommended dairy ¼ 141 ± 11; low dairy ¼ 151 ± 10 min/week). As mentioned above, there were no statistically significant effects of the weight-maintenance diet on outcome measures, that is, no significant TIME Â DIET interactions. During weight maintenance, average weight change did not differ between low and recommended dairy diets (data not shown) and was À1.4 ± 0.7% for women and 0.4 ± 0.7% for men. Thus, body weight at week 36 was similar to post-weight loss weight in both women and men (Table 1 ). In women, TBBMC after weight maintenance was similar to TBBMC at baseline (Table 1) . The TBBMD increased and was significantly greater than baseline; although statistically significant, the percent increase was small-0.52 ± 0.20%. By contrast, in men, both TBBMD and TBBMC decreased significantly during weight maintenance, and TBBMC was less than the mean at baseline (Table 1) . Nevertheless, the percent decrease in TBBMD during weight maintenance was only À0.70±0.25%, whereas TBBMC decreased by À1.59±0.51%. These small changes in TBBMD might have been due to the small changes in bone area observed from week 12 to week 36 in both women (2149 vs 2119 cm 2 ) and men (2501 vs 2478 cm 2 ). Inclusion of glucose, insulin or homeostasis model assessment as a covariate in RM ANOVA of TBBMD and TBBMC did not alter the results. Regardless of dietary treatment, serum 25OH vitamin D concentration decreased significantly during weight maintenance in both women and men, whereas the intact PTH concentration tended to increase (Table 2) .
Discussion
In this study, we observed a statistically significant increase in bone mineral after moderate weight loss in obese, Energy ( middle-aged adults-in women, the increase in TBBMC was statistically significant, whereas in men, TBBMD increased. In addition, a diet providing the recommended servings of dairy had no effect on bone mineral or the calcium-vitamin D-PTH axis during 24 weeks of weight maintenance compared with a diet inadequate in dairy.
The effect of weight loss on bone mineral remains controversial. Although weight loss in postmenopausal women apparently results in loss of bone mass (Avenell et al., 1994; Ricci et al., 1998 Ricci et al., , 2001 Riedt et al., 2005; , findings in premenopausal women (Salamone et al., 1999; Fogelholm et al., 2001; Shapses et al., 2001; Park et al., 2007; Riedt et al., 2007) and in middle-aged men (Pritchard et al., 1996; are inconsistent. The discrepant results may be explained, in part, by differences in skeletal site examined, baseline body weight, rate or magnitude of weight loss, calcium or protein intake, physical activity and duration of post-weight loss follow-up.
However, an underappreciated and often unrecognized methodological limitation of these studies, which may contribute to the contradictory findings, is the effect of weight loss on the assessment of bone mineral using DXA. For example, several weight-loss studies have reported discordant changes in total body BMC and BMD, that is, BMC decreases and BMD increases (Van Loan et al., 1998; Riedt et al., 2005) , or as observed in this study, BMC changes without a corresponding statistically significant change in BMD or vice versa (Fogelholm et al., 2001; Ricci et al., 2001; Riedt et al., 2005) . Areal BMD is calculated from BMC and bone area. In adults, BMD and BMC should change in parallel, as bone area is not expected to change appreciably over the short duration typical of weight-loss intervention studies. Thus, discordant BMD and BMC results are biologically implausible, and are probably artifacts of DXA, which result from errors in determination of bone area. Tothill et al. (1999) and Tothill (2005) evaluated the effect of changes in fat mass or distribution on measurement of BMC, BMD and bone area by placement of known quantities of lard on human volunteers or a phantom with BMC, BMD and bone area approximately equivalent to that of an adult male (Tothill et al., 1999) . Addition of B6 kg of lard resulted in erroneous increases in BMC and bone area as measured using DXA scanners of various manufacturers, including the Lunar DPX used in this study. Although the effect of the increased fat mass on BMD was smaller using the Lunar DXA compared with the Hologic and Norland instruments, others have reported significant reductions in BMD with no change in BMC as a result of moderate weight loss using the Lunar DPX (Ricci et al., 1998; Van Loan et al., 1998) .
Despite the fact that DXA has been used in numerous studies to examine the effects of weight reduction on bone mineral, changes in BMC or BMD, which are associated with change in body weight or composition must be interpreted with caution. Although the percent changes in TBBMC and TBBMD observed during 12 weeks of weight loss and 24 weeks of weight maintenance are within the range of values previously reported for premenopausal women (Ramsdale and Bassey, 1994; Van Loan et al., 1998) and men (Pritchard et al., 1996) , the strength of the data is limited by both the small percent changes (that is, approximately equivalent to the coefficients of variation for TBBMD and TBBMC) and by the absence of consistent parallel changes in TBBMC and TBBMD, which might have been due to small variations in bone area. Thus, results of this study do not provide convincing evidence that moderate weight loss followed by weight maintenance results in loss of bone mineral in obese men and women.
Clearly, the recommended dairy weight maintenance diet had no effect on total body bone mineral during the 24-week weight-stabilization period, despite significantly greater intakes of protein, calcium and vitamin D by participants on the recommended dairy diet compared with the low dairy diet (Tables 3 and 4) . There are several possible reasons because of which we did not observe an effect of increased dairy consumption on bone mineral. First, to minimize radiation exposure, BMC and BMD of the hip, spine and wrist were not evaluated; therefore, it is possible that sitespecific alterations in BMC occurred, but were not detected. On the basis of the time required to detect changes in bone mass, that is, several remodeling cycles, it is possible that differences between the low-and recommended dairy weight-maintenance diets may have been detected after a longer follow-up interval. Alternatively, compensatory changes in calcium absorption and excretion in response to either altered calcium intake (Rafferty and Heaney, 2008) or weight loss per se (Cifuentes et al., 2004) might have reduced differences between the low and recommended dairy diets. Similar to the results of this study, Bowen et al. (2004) reported that a high dairy-protein diet (2400 mg Ca 2 þ /day) had no effect on TBBMD during 12 weeks of energy restriction and 4 weeks of energy balance in obese men and women compared with a mixed protein diet (500 mg Ca 2 þ /day). By contrast, Thorpe et al., (2008) reported that a high-protein diet (1000 mg Ca 2 þ /day) positively affected TBBMD during weight stabilization compared with a high-carbohydrate diet (700 mg Ca 2 þ /day) in overweight men and women. Clearly, more studies are needed to identify independent effects of dietary calcium and protein on bone during weight loss and maintenance. In addition to the lack of effect on bone mineral, there was no difference in plasma 25OH D concentrations between the recommended and low dairy weight maintenance diets. Supplementation of the diet with 400-480 IU vitamin D in food (skim milk) has been shown to increase serum 25OH D concentrations by 16 nmol/l in adult men and women (Cranney et al., 2007) . That is, for each additional microgram of vitamin D consumed in the diet, the concentration of 25OH D increased by 0.583 ng/ml. Thus, on the basis of the differences in vitamin D intake between the low and recommended dairy diets, one would expect the magnitude of the diet effect on 25OH D concentrations to be B3 ng/ml, which is much less than that observed in both dietary treatments. Similarly, the expected effect of changes in fat mass on 25OH D concentrations in men and women ( þ 0.0521 and þ 0.208 ng/ml per kg fat lost, respectively; (Bolland et al., 2007) ) was markedly less than that observed. The most likely explanation is that seasonal variation has a much greater effect on plasma 25OH D concentrations than either weight loss (or gain) or consumption of a diet adequate in dairy. In a study on adult men and women living at a distance from the equator similar to that of the participants in this study (that is, 38.97 1N), the difference in peak 25OH D concentrations between seasons averaged 15.6 ng/ml for men and 8.4 ng/ml for women (Bolland et al., 2007) . Thus, the potential magnitude of the seasonal effect is considerably greater than that of diet or fat mass. In fact, because the majority of our participants were enrolled when 25OH D concentration was elevated due to greater ultraviolet B exposure, 25OH D should have decreased to due seasonality. As a result, it was not possible to detect changes that were due to weight loss or altered vitamin D intake, and the 25OH D and intact PTH results are thus difficult to interpret.
In summary, results of this study do not provide convincing evidence that moderate weight loss through energy restriction and mild exercise reduces total body bone mineral content in obese men and women. Similarly, a weightmaintenance diet providing the recommended daily servings of dairy does not seem to affect changes in bone mineral content after weight loss.
Conflict of interest
Dr JE Donnelly received a grant from the National Dairy Council (USA). Other authors declare no conflict of interest.
